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Thin ﬁlm depositionThin ﬁlms of aluminum oxide (Al2O3), tantalum pentoxide (Ta2O5), titanium oxide (TiO2), yttrium oxide (Y2O3)
and zirconium oxide (ZrO2) were deposited by plasma assisted reactive dualmagnetron sputtering to determine
their suitability as a host for a rare earth doped planar waveguide upconversion laser. The effect of deposition
parameters such as cathode, plasma power and oxygen gas ﬂows were studied and the operational working
points were determined. Both power and lambda control were used to optimize the optical quality of each
material. By using lambda control feedback system, the magnetron power ﬂuctuates to sustain a ﬁxed oxygen
ﬂow in the target area reducing the compound layer growth on the material and maintaining a healthy deposi-
tion rate. The optical properties, structure and crystalline phase of each ﬁlm were found to be dependent on the
process parameters. X-ray diffraction (XRD) analysis revealed that the thinﬁlms varied from amorphous to high-
ly crystalline depending on the deposition conditions. X-ray photoelectron spectroscopy (XPS) was utilized for
surface compositional analysis revealing that ﬁlms had varying stoichiometric ratios which are controlled for
each material by the deposition parameters chosen. The waveguide loss for the thin ﬁlm layers was investigated
and Ta2O5 was shown to have a slab waveguide loss of ~1 dB/cm at both visible and infra-red wavelengths
making it ideal for planarwaveguide and laser applications. TiO2, Y2O3 and ZrO2were found to deposit in a highly
crystalline phase. Waveguiding in the TiO2 layers was not possible at 633 nm or in the infrared region. The Y2O3
samples gave low loss (2–4 dB/cm) at the 1.3 and 1.5 μmwavelengths but nowaveguiding at 633 nmor 833 nm
was possible. Atomic force microscopy showed rough surface topography for TiO2, Y2O3 and ZrO2 akin to their
crystalline growth with the SEM images conﬁrming the regular crystalline columnar structure for the case of
Y2O3 and ZrO2.
© 2012 Elsevier B.V. Open access under CC BY license.1. Introduction
There has been considerable interest in optimization of the deposi-
tion processes for planar waveguide materials as hosts for solid-state
lasers and optical ampliﬁers. These include aluminumoxide [1], zirconi-
um oxide [2], titanium oxide [3], scandium oxide [4], yttrium oxide
[5–7] and tantalum pentoxide [8]. Planar waveguide lasers based on
rare earth doped thin ﬁlms provide a desirable method to achieve
high optical gain in a small and compact device [5]. Essential properties
of host materials include: low optical loss, low peak phonon energy,
ability to be doped and ability to waveguide at the pump and emission
wavelengths.
Aluminum oxide (Al2O3) when deposited as a thin ﬁlm has a moder-
ate refractive index (1.6–1.7) [9–12] and has a wide transmittance range
from 200 nm up to 7 μm. Al2O3 thin ﬁlms have good adhesion, hardness, license.durability and anti-wear properties. These characteristicsmake it an ideal
material formany applications such as optical interference coatings, mul-
tilayer polarizers and ﬁlters and micro-electromechanical systems
(MEMS). Another key application for Al2O3 thin ﬁlms is insulating layers
in metal–oxide–semiconductor (MOS) transistors. Methods to deposit
Al2O3 include plasma enhanced chemical vapor deposition [13], dual
ion beam sputtering [14], plasma assisted electron beam evaporation
[15,16], plasma assisted reactive magnetron sputtering [17], direct cur-
rent reactive magnetron sputtering [10], pulsed laser deposition (PLD)
[18] and cathodic arc deposition [19]. Aluminum oxide has already
been proven as a suitable host material for rare earth dopants [20,21].
In particular erbium doped optical waveguide ampliﬁers operating at
1.53 μm with a net optical gain of 2.3 dB have been reported [22]. Very
low optical loss (1 dB/cm) Al2O3 ridge waveguides have previously
been created by post annealing ﬁlms at 800 °C [23].
Due to its high dielectric constant, high refractive index in the visible
spectral range [24] and high chemical and thermal stability, tantalum
pentoxide (Ta2O5) thin ﬁlms have been studied for applications such
as high density dynamic random access memories (DRAMs) [25,26],
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cal waveguides [31]. Many different techniques to deposit Ta2O5 thin
ﬁlms have been utilized allowing its use in compact photonic circuits
and as a potential host for rare earth ions to achieve optical gain [32].
Ta2O5 has a large energy band gap of 4.2 eV [24] which in principle
allows nearly absorption free transmission from 400 nm to 10 μmFig. 1. Comparison of operational curves for (i) Al2O3 and (ii) Y2O3 measured at two target p
plasma source was operated at 1.5 kW with an oxygen ﬂow rate of 15 sccm. The lambda se
voltage in (c).[33], and is a proven host material for rare earth dopants [32,33], with
low phonon energy and capability to produce low losswaveguides [34].
Titanium oxide (TiO2) is an important material for optical applica-
tions such as antireﬂective coatings [35], microelectronic devices
[36,37] and protective layers [38], has a high refractive index and is
transparent across the visible wavelength range. The waveguidingower levels, 8.5 kW and 4.0 kW. Argon ﬂow in the target area: 35 sccm. The additional
nsor voltage behavior is shown in (a), cathode target current in (b) and cathode target
4932 SJ. Pearce et al. / Surface & Coatings Technology 206 (2012) 4930–4939properties of TiO2 made bymagnetron sputtering [39], PLD [40] and sol
gel methods [41] have been studied. The TiO2 deposited by these
methods is often in the crystalline phase inducing scattering losses.
TiO2 exhibits three distinct crystalline forms apart from amorphous,
rutile (tetragonal), anatase (tetragonal) and brookite (orthorhombic).
When deposited at temperatures below ~80 °C an amorphous layer is
produced, further increases in temperature up to ~350 °C will deposit
the anatase phase, and the rutile phase dominates at temperatures
over 350 °C [42]. The generation of the anatase and rutile phases
depends strongly on the deposition method and temperature. Each
crystalline phase has different applications. The rutile phase is mainly
used in optical applications such as high refractive indexprisms. The an-
atase form has many interesting properties, which make it a promising
material for applications such as photocatalysis, gas sensors, dielectrics
in memory cell capacitors and semiconductor ﬁeld effect transistors
[43].
Among the available host materials, the dielectric yttrium oxide
(Y2O3) has receivedmuch attention in recent years due to its suitability
as awaveguide and a laser host [44]. Its desirablematerial properties in-
clude high refractive index (1.7–1.9) [45–47], large band gap, excellent
thermal conductivity, low dominant phonon energy [48,49], broad
transparency range and easy dopingwith rare earth ions such as erbium
[6]. Both Y2O3 and erbiumoxide have a cubic crystal structurewith very
similar lattice constants and trivalent yttrium and erbium have nearly
the same ionic radius [5,50] making doping easier due to very little
lattice mismatch between the two materials. One disadvantage of
Y2O3 is its tendency to crystallize which can lead to high waveguide
losses especially in the visible region [51]. However, the crystallized
structure can be advantageous to other applications such high k gate
dielectric layers [52]. Previouswork on Y2O3 [53] showed that the depo-
sition method used determines the structure and optical quality of the
layer with amorphous layers being deposited using Y2O3 material in
an oxygen rich atmosphere in an electron beam evaporator.
Zirconium oxide (ZrO2) is extensively used as a coating in a wide
range of applications due to its many desirable properties such as
high refractive index (2.1 at 550 nm), broad spectral region of low
absorption from 240 nm to 8 μm, low resistance against oxidation,
excellent thermal stability and high laser damage threshold. Thin
ﬁlms deposited by electron beam evaporation [54], reactive sputtering
[55,56], ion-assisted deposition [57], and PLD [58] have previously
been reported. Similar to TiO2, the structure and properties of the de-
posited ﬁlm are inﬂuenced by the deposition conditions, such as pres-
sure, oxygen partial pressure, substrate temperature and RF power.
ZrO2 appears in a variety of crystalline phases, at low temperatures,
and monoclinic phases exist with indices of 2.1–2.2 in its bulk form.Table 1
Reactive sputtering process parameters for each metal target. The argon ﬂow rate in the cath
at 1.5 kW power and 15 sccm oxygen.
Material Al2O3 Ta2O5
Sample no. (i) (ii) (iii) (i) (ii)
Cathode O2 (sccm) 30 20 10 72.5 37
Cathode power (kW) 8.5 4.1 2.6 8.5 4
Lambda voltage (mV) 340 306 315
Thickness (nm) 556 352 564 732 770
Deposition rate (nm/s) 0.371 0.234 0.128 0.732 0.385
Roughness RMS (nm) 0.199 0.211 0.239 0.179 0.186
Refractive index
500 nm 1.671 1.658 1.656 2.230 2.238
800 nm 1.658 1.646 1.643 2.162 2.171
l000 nm 1.655 1.644 1.641 2.150 2.159
Waveguide loss (dB/cm)
633 nm 35 50 26 1 1
833 nm 15 10 6 1 1
1320 nm 10 10 5 1 1
1552 nm 10 10 4 1 1
Atomic ratio 1.81 1.80 1.77 3.17 3.27At a higher temperature the crystalline structure changes to cubic
[59]. The structural and optical properties of sol–gel derived erbium
doped zirconium oxide thin ﬁlms for waveguide applications have
been studied [60] and ion beam assisted sputtered erbium doped zirco-
nium oxide has been used in optical ampliﬁcation [2] giving low loss
and gain at 1534 nm. Atomic layer deposited crystalline erbium doped
zirconium oxide has more recently been used in improving capacitor
properties [61].
Reactive sputtering is a technique to deposit high quality metal
oxide or nitride thin ﬁlms by sputtering metallic targets in the pres-
ence of a reactive gas mixed with an inert gas (usually argon). The
structure of the deposited ﬁlm depends largely on the deposition pa-
rameters such as sputtering rate, the distance between the target and
substrate, substrate temperature and the partial pressures of the reac-
tive and inert gasses. The sputtering process has three distinct modes
of operation — metallic, transient and oxidic. The transition between
the metallic and oxidic modes occurs abruptly at two different values
of the reactive gas ﬂow depending on the direction of the reactive gas
partial pressure. In the metallic mode, the ﬁlm is mainly metallic and
the target is free of any oxides. It gives higher rates of deposition
(>1.5 nm/s for Ta) and due to the metallic nature of the layer, very
high absorption is standard. In the transient mode, the number of
reactions continuously increases with more oxygen (dependent on
target material) and metal atoms combining to form the oxide. As
the thin ﬁlm becomes more transparent deposition rates (b0.6 nm/s
for Ta2O5) and optical absorption are much lower. During the oxidic
mode, nearly all the metal atoms are oxidized, the deposited thin
ﬁlms are transparent with a surplus of oxygen in the target area not
consumed by the chemical process. Further increases to the oxygen
ﬂow “poison” the metal target creating an insulating ﬁlm on the sur-
face. This thin insulating ﬁlm on the surface of the metal target leads
to much lower sputtering rates. By reducing the reactive gas in the
target area the ﬂow can no longer maintain the insulating layer and
the target returns to the metallic mode giving higher deposition
rates and higher absorption. This behavior (which follows a hystere-
sis curve) is typical for reactive sputtering processes. For the optimum
thin ﬁlm layers the sputtering process must be stable without any tar-
get poisoning. The optical (refractive index, waveguide loss, etc.) and
structural (crystal structure, atomic composition, uniformity etc.)
properties of the oxide layer are directly determined by ﬂow of oxygen
in the target area, the deposition power and the substrate temperature.
The aim of the present study is to report on the structural and optical
properties of Al2O3, Ta2O5, TiO2, Y2O3 and ZrO2. A unique feedback
sensor was used to create a stable deposition condition within the tar-
get area improving the quality of the thin ﬁlm coatings. In addition,ode target was kept constant at 35 sccm and the additional plasma source was constant
TiO2 Y2O3 ZrO2
(i) (ii) (i) (ii) (i) (ii) (iii)
20 10 16.4 6.3 53 27.6 12.2
4 2 4 2 8.5 4 2
379.4 384 381.9 345
480 509 664 715 525 614 720
0.480 0.255 0.332 0.179 0.525 0.307 0.18
7.49 7.40 0.375 0.643 0.878 0.982 1.96
2.680 2.674 1.959 1.958 2.246 2.242 2.262
2.505 2.493 1.930 1.928 2.204 2.195 2.212
2.479 2.466 1.923 1.921 2.196 2.185 2.202
– – – – – – –
– – – – – – 19
– – 2 3 – 18 10
– – 2 4 – 11 5
2.04 2.06 2.15 2.47 3.14 2.77 2.74
(i) (ii) 
(iii) (iv)
Fig. 2. Atomic force microscope images for each deposited sample of (i) TiO2 sample
(i), TiO2 sample (ii), (iii) Y2O3 sample (i) and (iv) Y2O3 sample (ii).
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standard hysteresis curve associated with reactive sputtering. The opti-
mized thin ﬁlms were characterized using a wide range of tools to
determine their suitability for planar waveguide applications i.e. as a
host material for an upconversion laser.
2. Waveguide preparation
Films were deposited on an unheated b100> orientated silicon
substrates with a thermally grown 2 μm thick SiO2 layer. The SiO2
layer enabled a slab waveguide to be created for the purpose of optical
transmission measurements. Prior to deposition, the substrates were
cleaned using a low intensity oxygen plasma using an additional RF
plasma source. This additional step improves adhesion and removes
any surface contamination. The deposition of high quality metal oxide
layers was achieved by plasma assisted reactive magnetron sputtering
(PARMS) in a Leybold Optics Helios Pro XL system. This process com-
bines reactive middle frequency sputtering with partial pressure con-
trol, and a reactive assist process with an additional RF plasma source.
This two step process gives highly oxidized ﬁlms with good uniformity
and controllable stoichiometry. During each rotation of the plate hold-
ing the substrate, a thin sub-stoichiometric oxide was deposited by
the dual magnetron metal target. The layer is then transformed to a
non-absorbing oxide layer by passing under the oxygen plasma of the
RF source. To ensure high layer thickness precision the Helios system
uses an optical monitoring system (OMS5000) to accurately calculate
the thickness of the layer being deposited in real time. As the thickness
of the coating increases, the intensity of the reﬂected light periodically
changes at the surface of the optical coating in a predictable manner.
The OMS response is constantly compared to a layer by layer transfer-
matrix based simulation. During the deposition process for each mate-
rial, the voltage on the lambda sensor (the sensor which detects oxygen
in the chamber) and the magnetron target voltage and current were
monitored with respect to the oxygen ﬂow rate into the target area.
The unusual lambda control system gives a better quality of deposited
ﬁlm than the simple power control (as used in most other systems) as
the deposition conditions are actively adjusted to maintain a constant
gas environment in the target/magnetron area. It is well known that
reactive sputtering is highly unstable, with themagnetron target quick-
ly switching from a metallic state into a poisoned state. By using a
feedback system (lambda control), the magnetron power ﬂuctuates to
sustain a ﬁxed oxygen ﬂow in the target area reducing the compound
layer growth on the material and maintaining a healthy deposition
rate. The feedback system consists of two electrodes around a ZrO2
element, which operates at a temperature of 700 °C. One electrode is
located within the ZrO2 tube and exposed to the atmosphere, while
the other is on the surface of the ZrO2 tube exposed to vacuum. The out-
put voltage of the sensor is proportional to the logarithm of the oxygen
partial pressure difference at the electrodes.
For each material the chamber was evacuated using turbo pumps
to a base pressure of 8×10−7 mbar. Each magnetron target consisted
of two 12″ by 4″ 99.9% purity metal targets. The substrates sit on a
large platen located ~10 cm below the target/magnetron set which
rotates at 180 RPM. High purity argon and oxygen were introduced
into the target area through specially designed injectors. Oxygen
was introduced separately into the additional plasma source operating
at a ﬁxed power of 1.5 kW to further oxidize the layers. The ﬂow rates
of both gasses were separately controlled through mass ﬂow control-
lers. Fig. 1 shows a comparison between (a) the lambda sensor voltage,
(b) the cathode current and (c) the cathode voltage with respect to an
increasing oxygen ﬂow rate (sccm, standard cubic centimeters per
minute) into the target area at two cathode power levels 4 kW and
8.5 kW for two materials only (i) Al2O3 and (ii) Y2O3. By monitoring
the process a suitable lambda voltage could be chosen to control the
reactive sputtering process. This allowed a lambda sensor working
point to be determined for a given oxygen ﬂow within the transitionmode optimizing the stability of the deposition process, the deposition
rate and the thin ﬁlm properties required. Themodes of operation have
been marked on the image as a guide.
As the oxygen ﬂow rate increases the lambda sensor voltage
decreases. When a certain ﬂow rate is reached the target poisons and
the lambda sensor voltage drop to its minimum (~280 mV). For the
aluminum target the cathode voltage initially remains stable with
increasing oxygen ﬂow until it reaches a peak value, corresponding to
the poisoning of the target. The voltage then decreases with further
increases in the oxygen ﬂow rate. With decreasing oxygen ﬂow rate,
the cathode voltage stabilizes until a point is reached where the plasma
clears the oxide layer on the surface of the target and returns to the
metallic mode. The cathode current follows the same operational
curve as the voltage but increases at the point at which the target is
poisoned. It is interesting to note that when operating at 8.5 kW the
cathode current for the yttrium target is initially at a high value and
decreases as the target is poisoned. The operational curves for the
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starting value and remained poisoned. The compound layer grown on
the surface of the target during the oxidic region of the hysteresis
curve remains intact until the oxygen ﬂow is reduced to 0 sccm. With
the oxygen removed, the plasma is able to clean the thin compound
layer from the surface and returns the target to its metallic state. It is
also of interest to note that at 8.5 kW there is no working point for the
yttrium target. The lambda sensor voltage rapidly decreases from
400 mV to 284 mV without a gradual slope as seen with the aluminum
metal target. Choosing a suitable lambda control voltage and producing
high quality optical layers were difﬁcult at this higher power level. The
target either operated in the metallic mode of operation depositing
layers with high absorption or was continuously poisoned in the oxidic
mode and ceased operation with little or no deposition of Y2O3. The
yttrium target was therefore operated at a ﬁxed cathode plasma
power of 4 kW and 2 kW and a constant oxygen ﬂow without using
the lambda control sensor. In addition, due to their ease of oxidation
and subsequent poisoning, the zirconium, aluminum and titanium
targets were also operated at 2 kW and reduced oxygen ﬂow rate for
comparison with the latter operated on a ﬁxed oxygen ﬂow. Using the
operational curves for each material, an oxygen ﬂow rate and subse-
quently a lambda control voltage were chosen. As mentioned previous-
ly, lambda control is used to maintain a constant oxygen concentration
in the sputter chamber by varying the cathode plasma power allowing
for a stable deposition process.
Table 1 shows the deposition parameters used for each deposition.
For titanium, yttrium and zirconium, lambda control was not used but
the sensor voltagewas recorded. Tomaintain the lambda voltagewithin
the transition area of the operational curves for these materials, the
oxygen ﬂow rate was altered for each cathode power used. Further-
more, the titanium and yttrium targets failed to deposit a transparent
oxide layer when operated at 8.5 kW regardless of the amount of
oxygen ﬂow rate used.
The optical and structural properties of the deposited ﬁlms were
characterized using X-ray diffraction (XRD) using a conventional θ–2θ
arrangement with Cu Kα radiation from a Philips PW1380 operating
at a voltage and current of 40 kV and 40 mA, respectively, X-ray photo-
electron spectroscopy (XPS) using a commercial theta probe instru-
ment (Thermo Fisher Scientiﬁc) with parallel detection capability to
acquire surveys and element speciﬁc high-resolution spectra of each
deposited sample, scanning electron microscopy (SEM) using a JEOL
7500 ﬁeld emission scanning electron microscope (FESEM), atomic(i) (ii)
Fig. 3. Atomic force microscope images for each deposited sample offorce microscopy (AFM) measured using a Veeco Dimension 3100
atomic force microscope in a tapping mode, waveguide loss for each
material measured using a Metricon 2010 prism coupling system at
four wavelengths ranging from the visible to the infra-red and
variable-angle spectroscopic ellipsometry (VASE).
3. Characterization results and discussions
Variable-angle spectroscopic ellipsometry (VASE) was used to
determine the refractive index at various wavelengths in the visible
and near infrared of the as-deposited thin ﬁlms. Table 1 shows the
dependence of the refractive indices at three different wavelengths of
the incident light for the Al2O3, Ta2O5, TiO2, Y2O3 and ZrO2 thin ﬁlms
respectively. The refractive index shows a slight dependency on the
plasma power indicating an improved ﬁlm density of the layers depos-
ited at higher plasma powers. The refractive index for each material
showed similarities to other thin ﬁlm works [23,24,35,45,56]. An amor-
phous layer will have a lower refractive index than a crystalline layer
due to the difference in densities between them. This could be attribut-
ed to a uniform inclusion of nanometer scale air voids [62]. Furthermore
at high pressures the low species kinetic energy for certain sputtered
ions prevents crystalline growth and leads to an amorphous ﬁlm [63].
Thin ﬁlms produced under these conditions can exhibit lower refractive
indices than the bulk [6,45].
Fig. 2 shows the topographic views of the TiO2 and Y2O3 thin ﬁlms
and Fig. 3 shows the surface of the ZrO2 thin ﬁlms. The root-mean-
square roughness values can be seen in Table 1. It can be seen that
for themajority of the materials deposited the surface roughness varies
inverselywith themagnetron power. This behaviorwas attributed to an
increase of the grain size for the deposited layer [64,65]. The surfaces for
Ta2O5 and Al2O3 are not shown here as they were clear and smooth
which is analogous with the amorphous layers showing no interesting
structures whereas for ﬁlms of a crystalline nature i.e. TiO2, Y2O3 and
ZrO2 the surface appears rougher. For the rougher samples a further
measurement at 1 μm was made to show the large features on the
surface. The TiO2 ﬁlms show surface features of ~40 nm in size with
craters forming over the surface, and Y2O3 and ZrO2 samples have
features of ~15–35 nm with rms roughness (Rq) values of around 7.5,
0.5 and 1.0 nm, respectively, as shown also in Table 1. The growth of
certain physical vapor deposition (PVD) materials can be described
using a structure zone model [66]. The growth morphology depends
on the gas pressure and substrate temperatures, at low gas pressures(iii)
(i) ZrO2 sample (i), ZrO2 sample (ii), and (iii) ZrO2 sample (iii).
4935SJ. Pearce et al. / Surface & Coatings Technology 206 (2012) 4930–4939and substrate temperatures the ﬁlm will consist of a dense and smooth
structure. At high pressure and low substrate temperature, columnar
micro crystalline growthwith voids is formed. As the substrate temper-
ature rises, the grain sizewill increase, increasing the surface roughness.
When TiO2 ﬁlms are deposited under high pressure a more porous
microstructure with a rough surface is obtained. In addition with a
low ion bombardment the ﬁlms will grow open grain boundaries and
large columns. The void fraction in the material is increased due to a
decrease in the island density and an increase in the average grain
size [67].
Fig. 4 shows the cross sectional SEM images for sample 1 for each
material. As can be seen the Ta2O5 and Al2O3 layers are smooth indicat-
ing amorphous growth as suggested by the AFM studies. The Y2O3 and
ZrO2 images show a columnar structure analogous to its crystalline
growth. It is interesting to note that the ﬁrst ~200 nm of TiO2 deposited
has what seems to be an amorphous structure and then continues with
a rough crystalline structure. This was attributed to the temperature
increase in the chamber during the latter part of the deposition (due
to plasma heating effects). At low substrate temperatures, amorphous(i)
(iii) 
(v)
Fig. 4. SEM images of sample (i) for (i) Al2O3, (TiO2 is frequently observed [68] to be attributed to the low energy
and low mobility of particles impinging on the relatively cold surface
of the substrate [69]. Polycrystalline materials can be deﬁned as having
an average grain size of approximately 1 μm and may extend to several
hundreds of microns. Amorphous materials lack the long range atomic
order of a crystalline structure and appear smooth when imaged.
One of the important characteristics of any waveguiding layer is
its propagation loss. Losses in thin waveguide layers originate from
many factors [70], which include absorption in the core, leakage be-
tween the core and cladding and scattering losses. One of the key con-
tributors to the scattering loss is the sizeable grain boundaries
between neighboring crystal domains, which lead to a strong Rayleigh
scattering of conﬁned light out of the waveguide. The intensity of the
scattered light is proportional to the Rayleigh scattering cross section
which scales as λ−4×R−2, (where R is the radius of the scattering par-
ticle). Hence by optimizing the deposition parameters, an amorphous
layer, with no sizeable grain boundaries and small grain size can be
achieved, minimizing the scattered light and as such reducing the
waveguide loss.(ii) 
(iv) 
ii) Ta2O5, (iii) TiO2, (iv) Y2O3 and (v) ZrO2.
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tensity as a function of propagation distance wasmeasured by scanning
a detector coupled ﬁber. The minimummeasurable loss value with the
used setup was about 1 dB/cm. Table 1 shows the results of the wave-
guide loss measurements for each material deposited. The result
shows that the waveguide loss is proportional to the cathode power
suggesting that at lower deposition rates a higher optical quality of
coating is possible. As is evident from the results the Ta2O5 layers gave
the lowest waveguide loss, ideal for planar waveguide applications
whereas nowaveguidingwas possible in the TiO2 attributed to its high-
ly crystalline nature, leading to large grain size and boundaries. The
deposited Al2O3 shows a much larger waveguide loss than the Ta2O5
layers even though both materials grow as amorphous layers. This
was attributed to voids within the deposited Al2O3 ﬁlm and incomplete
oxidization of the Al bonds, resulting in higher losses at lower wave-
lengths [71]. By depositing at an elevated temperature or post annealing
the waveguide losses can be reduced [23,71,72]. Guiding was only
possible in the infra-red wavelength range for the Y2O3 and ZrO2
samples with high losses for the latter attributed to its growth structure
and subsequently high scattering and absorption loss.
X-ray photoelectron spectroscopy (XPS) was used on the thin ﬁlm
layers deposited to determine their stoichiometric ratio. Amicrofocused
monochromated Al Kα X-ray source was set to illuminate a spot of
400 μm in size using 50 eV pass energy and 0.1 eV step size for each
element speciﬁc scan. During the XPS survey spectrum for eachmaterial
the C 1s peak at a binding energy of 284.8 eV was observed. This wasFig. 5. X-ray photoelectron spectra for (i) Al2O3 (Al2p, O1s) and (ii) Ta2O5 (Ta4f, O1s).attributed to the surface contamination after exposure to air and
was used to verify charge compensation by the low energy electron
ﬂood gun. Fig. 5 (i) shows the element scans for each Al2O3 sample.
Samples (i), (ii) and (iii) all show the Al 2p3/2 and O1s binding energies
of ~74 eV and ~531 eV respectively corresponding to the Al2O3 form.
Elemental analysis of the XPS data yields an O to Al ratio that is higher
than the expected 1.5 indicating the presence of excess O on the surface
of the thin ﬁlms. Fig. 5 (ii) shows the element scans for both Ta2O5
samples. Both samples show peaks at ~26 eV (4f7/2) and ~28 eV (4f5/2)Fig. 6. . X-ray photoelectron spectra for (i) TiO2 (Ti2p, O1s), (ii) Y2O3 (Y3d, O1s) and
(iii) ZrO2 (Zr3, O1s).
Fig. 7. Angular resolved X-ray photoelectron spectra for Y3d and O1s for sample (i) and
sample (ii). Surface of the thin ﬁlm (—) and below the surface (—).
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samples (i) and (ii) is shown in Table 1. Similar to the Al2O3 layers the
O to Ta ratio was higher at the surface than the expected stoichiometric
value of 2.5. This increase in atomic ratios for both metal oxides was
attributed to a signiﬁcant amount of oxygen containing species
(hydroxide (OH) or carbonate (CO3)) on the surface of the layers
[73] increasing the oxygen content. The long tail seen on the O1s
scan at the higher binding energies for both materials was attributed
to a hydroxide (OH) contamination.
Fig. 6 (i) shows the elemental scan for the two TiO2 samples. The
Ti 2p3/2 and 2p1/2 spin orbital splitting photoelectrons for each sample
are located at the binding energies of ~458 eV and ~464 eV respectively.
The position of the main peak, the separation between the 2p1/2 and
2p3/2 peaks of ~6 eV and the satellite at ~14 eV from the main peak
are indicative of the TiO2 layers. The shape of the TiO2 O1s peak suggests
that the surface has no carbonate or hydroxide species to increase the O.
This is conﬁrmed by elemental analysis of the XPS data which shows
that the surface is stoichiometric compared to the other thin ﬁlms
deposited where the additional oxygen containing species increases
the O to metal ratio.
Fig. 6 (ii) presents the elemental scan for each Y2O3 sample depos-
ited. Two deﬁned peaks are seen for both samples at ~156 eV and
158 eV corresponding to the spin orbit split between 3d3/2 and 3d5/2
of the yttria respectively [74,75]. The O1s scan shows strong peaks
at ~529 eV and ~532 eV with a small shoulder peak at ~534 eV. The
deposited Y2O3 ﬁlms show two separate bonding doublets, one
for pure Y2O3 (~156 eV and ~158 eV) and one attributed to the
yttrium–hydroxide bonds (Y\OH) (~158 eV and ~160 eV). Yttrium
containing ﬁlms are known to react with ambient moisture when
exposed to an atmosphere contaminating the surface of the ﬁlm. Fur-
ther investigations of the yttrium oxide surface was done using angle
resolved XPS at 65° (top surface analysis) and 35° (below surface anal-
ysis). The results shown in Fig. 7 indicate that the contamination seen in
the O1s, Y3d and C1s (not shown here) local scans is carbon and the
doublet attributed to yttrium–hydroxide bonds is an yttrium–carbonate
bond. The results show that at the surface of the thin ﬁlm a high concen-
tration of carbon is present but this is reduced as the depth into the thin
ﬁlm increases. This high concentration and the increase in O were
attributed, as with the majority of the materials deposited, to the car-
bonate bonds on the surface of the thin ﬁlm. The elemental scans for
the three ZrO2 samples are shown in Fig. 6 (iii). All three samples
show a strong peak at ~182 eV (3d5/2) and a small shoulder at
~184 eV (3d3/2) which is associated with its oxide. Analysis of the XPS
measurements shows that the O to Zr ratio for each sample (shown in
Table 1) is close to ~3 which is attributed to the same conditions as
suggested for the Al2O3, Ta2O5 and Y2O3 thin ﬁlms.
The structure and crystallinity of the deposited thin ﬁlm layers were
investigated by X-ray diffraction. θ–2θ diffractrogramswere collected in
the range of 10–60° although for the samples of Ta2O5 and Al2O3 the
data was processed over the 10–35° range only. Fig. 8 (i–iv) shows
the XRD patterns of the thin ﬁlms deposited. The diffractograms for
each Al2O3 and Ta2O5 sample (Fig. 8 (i)) conﬁrm their amorphous
growth regardless of the plasma power with only the Si peak at ~33°
present. Slightly noisy intensity signals are partly averaged, as shown
with the black lines, in order to express the amorphous background
halos arising distinctively for the Al2O3 and Ta2O5 compounds with dif-
ferent oxygen ion concentrations and ionic radius of cations in the
amorphous matrix. Fig. 8 (ii) shows the XRD patterns of the TiO2 thin
ﬁlms investigated. As can be seen from the diffractograms, both TiO2
samples have a small reﬂection peak at ~26° which can be attributed
to its nanocrystalline anatase phase. An amorphous background is
clearly seen also in the TiO2 diffractograms for both deposition plasma
powers, as pointed out for sample (ii) with a dashed line, indicating
the existence of both crystalline and amorphous phases. This is actually
seen also in Fig. 4 (iii) where it is obvious that the sample has two layers
with a nanocrystalline TiO2 layer on top of the amorphous TiO2 bottomlayer. Fig. 8 (iii) shows the diffractograms for Y2O3, each sample shows a
peak at ~29°which corresponds to reﬂections from the b222>planes of
Y2O3 [76]. The cubic phase of Y2O3 is expressed primarily by reﬂections
from the b222> planes [44,77]. The high intensity of the reﬂection peak
was attributed to the strongly aligned columnar structure of the cubic
phase. Both samples show a weak diffraction peak at ~40° and ~50°
which relates to reﬂections of the b332> and b440> planes suggesting
that the ﬁlms are cubic polycrystalline in nature [75,76]. Fig. 8 (iv)
shows the XRD results for ZrO2. ZrO2 has 4 different crystalline struc-
tures depending on the growth method and condition [78], these are
monoclinic, tetragonal, cubic and amorphous. Based on the XRD results,
the thin ﬁlms deposited were of monoclinic and tetragonal phases but
the more prominent peak at ~28° belongs to the monoclinic structure.
However, the tetragonality of the minority phase increases with the
decreasing oxygen content in the crystal structure from sample (i) to
sample (iii). Like most thin ﬁlm layers, the crystal structure changes
as the temperature increases. At relatively low temperatures, amor-
phous structures are possiblewith small grain sizeswhereas at elevated
temperatures crystalline structures are more prevalent with much
larger grain sizes.
4. Conclusions
Thin ﬁlms of aluminum oxide, tantalum pentoxide, titanium
oxide, yttrium oxide and zirconium oxide were deposited using a re-
active middle-frequency dual magnetron sputtering system. The
Fig. 8. XRD patterns for (i) Al2O3 and Ta2O5, (ii) TiO2, (iii) Y2O3 and (iv) ZrO2 thin ﬁlms in the θ–2θ mode.
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curves were investigated to determine a suitable lambda control volt-
age to maintain a ﬁxed oxygen content in the target area. Thin ﬁlms of
each material were deposited at different plasma powers, oxygen
ﬂow rate and lambda control voltage to determine the best dielectric
for use as a host for a rare earth dopant.
The ﬁlms deposited were characterized using X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), scanning electron mi-
croscopy (SEM), atomic force microscopy (AFM), waveguide loss and
variable-angle spectroscopic ellipsometry (VASE). The refractive index
for each material agreed with other research data and showed that
the deposition method and operational parameters used were correct.
The AFM image of the surface of the Al2O3 and Ta2O5 samples was
smooth and analogous with the amorphous layers. This was con-
ﬁrmed by SEMwhich showed an amorphous structure with no distin-
guishable crystalline structure. However, for ﬁlms of a crystalline
nature i.e. TiO2, Y2O3 and ZrO2 the surface appeared a lot rougher
which was attributed to the larger grain size. The SEM images for
these samples showed a regular columnar structure conﬁrming the
AFM results.
The guiding properties of each sample were examined in the infra-
red and visible regions. The results indicated that for the amorphous
layers (Al2O3 and Ta2O5), guiding was possible from the visible to the
infrared region of the spectrum making them both ideal candidates
for a rare-earth doped upconversion waveguide laser. The TiO2 ﬁlmsfailed to waveguide either in the visible or infrared wavelength range.
This was attributed to its crystalline structure which increases the opti-
cal loss. However, the SEM images revealed that the TiO2 layers were
amorphous in growth until about 200 nm had been deposited and the
layer changed to a crystalline structure. Thiswas attributed to a temper-
ature increase during the process due to the plasma at the target area
and the additional oxidizing plasma used in the process run. The Y2O3
and ZrO2 only showed guiding at 1320 nm and 1552 nm with low loss
measured for the former at both wavelengths suggesting that the
Y2O3 deposited could be doped with erbium for 1.5 μm applications.
X-ray photoelectron spectroscopywas used to analyze the composi-
tion of the samples at the surface. For all ﬁlms deposited, except TiO2,
the atomic ratio of oxygen to metal was higher than the expected stoi-
chiometric values. This difference was attributed to two factors, ﬁrstly,
XPS is a well known surface technique and cannot reveal the ratio for
the bulk and secondly, the presence of additional oxygen containing
species such as hydroxides and carbonates on the surface of the thin
ﬁlm increases its oxygen content.
The XRD results conﬁrmed the amorphous nature of the Al2O3 and
Ta2O5 samples and the crystalline growth of the TiO2, Y2O3 and ZrO2.
The TiO2 samples show that the structure of the layer changes as the
temperature increases. At relatively low temperatures, amorphous
TiO2 is possible with small grain sizes whereas at elevated tempera-
tures its crystalline phase is more prevalent with much larger grain
sizes and higher optical losses.
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